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Our in vitro experiments demonstrated that DA significantly decreased GTH-ip 
mRNA level with little effect on GTH-Iip expression; however, the regulatory 
mechanism remains unclear. The present study further confirmed our previous 
finding that recombinant goldfish activin B stimulated GTH-ip but suppressed GTH-
Iip expression in vitro, Activin B increased GTH-Ip mRNA level dose-dependently 
in the cultured pituitary cells from both sexually regressed and late vitellogenie or 
full-grown goldfish; however, the inhibitory effect of activin on GTH-Iip expression 
showed clear stage dependence, with the inhibition being stronger in the regressed 
stage than in the late vitello genie or full-grown stage. Experiments using 
gonadectomized and sham-operated full-grown fish demonstrated that activin B had 
little effect on GTH-II(3 expression in sham-operated fish, but exhibited strong 
inhibition of GTH-IIp in gonadectomized fish. Experiments examining the effects 
of T and E2 on the activin-regulated GTH p expression in vitro indicated that 
pretreatment with either T or E: did not seem to affect the activin-stimulated GTH-ip 
mRNA expression; however, pretreatment with steroids, particularly T, significantly 
reduced the inhibitory effect of activin on the GTH-Iip mRNA level. These results 
indicated that the variation in the effects of activin B on GTH p, especially GTH-Iip, 
expression during the reproductive cycle was likely due to the steroidal inputs from 
the gonads. To answer the question of where activin comes from in the regulation 
ii 
of pituitary GTH P expression, I examined the expression of activin subunits and 
activin receptors in the pituitary. RT-PCR assays showed that both activin (3 
subunit and activin type HB receptor are expressed in the pituitary, suggesting a 
paracrine/autocrine mode of action for activin in the regulation of GTH biosynthesis. 
Administration of recombinant human follistatin, an activin-binding protein, not only 
abolished the effects of exogenous activin A on the expression of GTH-ip and GTH-
np, but also had significant effect on the basal level of expression of both GTH-ip 
and GTH-Iip. As expected, the effects of follistatin are opposite to those of activin 
in that it suppressed the expression of GTH-ip but increased that of GTH-Iip, 
strongly suggesting the existence of a functional paracrine/autocrine activin system 
in the goldfish pituitary. In summary, the present study demonstrated that the 
hypothalamic DA and pituitary activin system are likely important factors involved 
in the differential regulation of the two GTHs in the goldfish. DA suppresses the 
expression of GTH-ip without effect on that of GTH-Iip, while activin has the 
opposite effects on the expression of GTH-ip and GTH-IIp. The effects of activin 
fluctuate during the reproductive cycle and the fluctuation is likely due to the 
influence of gonadal steroids. It is conceivable that any factors that influence the 
pituitary autocrine/paracrine activin system will significantly affect the biosynthesis 
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In vertebrates, the hypothalamo-hypophysial-gonadal axis plays a central role in 
the regulation of reproduction. Briefly, gonadotropin-releasing hormone (GnRH) 
from the hypothalamus is released to the pituitary. This in turn stimulates the 
synthesis and secretion of two gonadotropins (GTHs), namely follicle-stimulating 
hormone (FSH) and luteinizing hormone (LH). These GTHs are trophic to the 
gonads where they are involved in the regulation of gametogenesis, steroidogenesis 
and ovulation etc., which are vital for the vertebrate reproduction. 
1.1 Pituitary 
The pituitary (hypophysis) is a conglomerate of cells and tissues that lies in 
close apposition to the hypothalamus at the base of the brain (Fig. 1-1). 
Embryologically, the pituitary arises as a result of the association of two types of 
tissues. In mammal, an upgrowth of the pharyngeal epithelium from the roof of the 
mouth called Rathke's pouch forms the anterior pituitary (adenohypophysis), which 
consists of the pars distalis，pars tuberalis and pars intermedia. However, the 
development of the pars tuberalis fails to occur in fish. Meanwhile, a downgrowth 
of the tissue from the brain (hypothalamus) gives rise to the posterior pituitary 
(neurohypophysis) which includes the pars nervosa and the median eminence. 
The anterior pituitary comprises several types of cells that secrete seven or 
eight hormones such as gonadotropins. The gland integrates neuroendocrine 
information from the brain via the hypothalamus and complex feedback actions from 
the gonads, and signals (in form of trophic hormones) the peripheral gonads. In fish 
1 
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Chapter 1 General Introduction 
pituitary, at least five distinct types of cells have been identified. The 
gonadotropins, FSH and LH，which are produced in the gonadotropes and released 
into the bloodstream will then act on the gonads. 
1.2 Gonadotropins (GTHs) 
1.2.1 Structure 
In tetrapod species, two gonadotropins are synthesized in the pituitary, namely 
follicle-stimulating hormone (FSH) and luteinizing hormone (LH). GTHs are 
glycosylated heterodimers and belong to the glycoprotein hormone (GPH) family 
that also includes pituitary thyroid-stimulating hormone (TSH) and placental 
chorionic gonadotropin (CG) (Fig. 1-2). They share a common a-subunit, but each 
has a unique p-subunit that confers their biological specificity (for reviews, see 
Gharib et aL, 1990; Nagaya and Jameson, 1994). 
In fish, the concept of two distinct GTHs analogous to tetrapod FSH and LH 
inspired much investigation and controversy during the past three decades. Early 
studies proposed the existence of two types of GTHs, a carbohydrate-poor, 
vitellogenie GTH and a carbohydrate-rich, maturational GTH (for review, Idler and 
Ng，1983). However, not until two chemically distinct GTHs, GTH-I and GTH-H, 
were purified and characterized from the chum salmon {Oncorhynchus ketd) (Suzuki 
et al., 1988a，b)，coho salmon {Oncorhynchus kisutch) (Swanson et aL, 1991) and 
common carp (van der Kraak et al., 1992)，did the duality of teleost GTHs become 
definite. The presence of two GTHs has been further confirmed by molecular 
cloning of the GTH subimits in the masu salmon {Oncorhynchus mason) (Kato et al., 
1993)，killifish {Fundulus heteroclitus) (Lin et al,, 1992)，striped bass (Morone 
saxatilis) (Hassin et al., 1995)，gilthead seabream {Spams auratd) (Elizur et al., 
3 
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Fig. 1-2 Structure of glycoprotein hormones. (Redrawn from Albanese et al., 1996) 
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1996)，Japanese eels (Anguilla japonica) (Nagae et al., 1996)，tilapia {Oreochromis 
niloticus X Oreochromis aureus) (Rosenfeld et al., 1997) and goldfish (Carassius 
auratus) (Yoshiura et al., 1997). GTH-I and GTH-II, like tetrapod FSH and LH，are 
heterodimeric glycoproteins consisting of the same a-subunit and a hormone-specific 
3-subunit (Fig. 1-3). 
1.2.2 Function 
In mammals, the two GTHs have different functions. In the testes, FSH 
promotes the synthesis of androgen-binding protein by the Sertoli cells and LH 
stimulates testosterone (T) production by the Leydig cells. This, together with FSH, 
maintains normal spermatogenesis in the males. On the other hand, according to 
the two cell-two gonadotropin theory (Fevold, 1941; Greep et al., 1942)，both FSH 
and LH are vital for follicular maturation and steroidogenesis in the females. In the 
ovaries, LH initiates the production of androgens in the thecal cells, while FSH, in 
addition to promoting follicular growth, stimulates expression of aromatase in the 
granulosa cells (Richards, 1994). The androgens diffuse into the granulosa cells 
and are converted to oestradiol (E:) under the activity of the aromatase (Erickson et 
al, 1985; Magoffin et al., 1990). Besides, LH induces ovulation at the mid-cycle 
surge in females (Albanese et al,, 1996). 
In contrast, although the structures of two gonadotropins are characterized in 
many teleosts, the distinct biological functions of GTH-I and GTH-II are not fully 
understood since they share the same spectrum of biological activities such as 
steroidogenesis and oocyte maturation (Suzuki et aL, 1988c; van der Kraak et al., 
1992). According to Nagahama (1994)，GTHs enhance the release of 11-
ketotestosterone (11-KT) from the Leydig cells of the testes in male teleosts. 11-
5 
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Fig. 1-3 Structure of the teleost gonadotropins (GTHs). 
6 
Chapter 1 General Introduction 
KT then stimulates spermatogenesis in the Sertoli cells. In female teleosts, GTHs 
enhance T and 17a-hydroxyprogesterone synthesis in the thecal cells. T thus 
produced is aromatized into E!，which in turn acts on the liver to promote 
vitellogenin synthesis. 17a-hydroxyprogesterone will be converted into 17a, 20P-
dihydroxy-4-pregnen-3-one (17a，20p-diOH-P) which is a potent oocyte maturing 
factor (Nagahama, 1987). In salmonids, it is demonstrated that changes in plasma 
levels of GTH-I and GTH-II exhibit seasonal patterns (Fig. 1-4). GTH-I 
predominates during vitellogensis of the early phase of the reproductive cycle and 
becomes suppressed before oocyte final maturation and ovulation, while GTH-II 
level is elevated drastically during the phase of maturation (Swanson, 1991). 
Studies on physiological functions of GTH-II have demonstrated that GTH-II 
regulates the final stages of maturation, ovulation and speraiiation (Prat et al., 1996; 
Swanson 1991; Swanson et al., 1991) in salmonids, similar to the functions of LH in 
mammals. On the other hand, although in vitro studies show that GTH-I stimulates 
steroidogenesis (Suzuki et al., 1988c) and promotes ovarian uptake of the yolk 
protein precursor, vitellogenin (Tyler et al., 1991，1997), the function of GTH-I is 
still less clear. 
1.2.3 Regulation 
Due to the differences in the biological functions and releasing profiles of the 
two GTHs, the hormonal regulation of GTH synthesis and release has received 
considerable attention. Unlike in mammals, two distinct types of gonadotropes 
produce GTH-I and GTH-II in teleost pituitary (Naito et al” 1993; Nozaki et al, 
1990a, b). The activities of these gonadotropes are under tight control of the 
hypothalamic neuroendocrine factors such as gonadotropin-releasing hormone 
(GnRH) and dopamine (DA) (for review, Peter et al, 1991; Y^et al,, 1997)，sex 
7 
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Fig. 1-4 Seasonal profiles of the plasma GTH-I and GTH-II level in the coho salmon. 
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Steroid (T and E2) feedback from the gonads (Shupnik, 1996a, b), and the 
autocrine/paracrine actions of activin family of growth factors that are locally 
produced in the pituitary (Ge et al., 1997) (Fig. 1-5). 
1.2.3.1 Neuroendocrine hypothalamic regulators 
Unlike in mammals, there is no portal system between the hypothalamus and the 
pituitary in teleosts. Therefore, GTH release is regulated by both stimulatory and 
inhibitory hypothalamic factors delivered to the anterior pituitary by direct 
innervation (Ball, 1981; Peter et al, 1986). 
1.2.3.1.1 Gonadotropin-releasing hormone (GnRH) 
Among the many hypothalamic neuroendocrine factors from the brain, GnRH is 
probably the most universal and important stimulator of GTHs. GnRH is secreted 
in a pulsatile pattern through a direct innervation from the brain to the pituitary in 
fish. To date, the primary structures of eleven GnRH variants have been elucidated 
and several forms of GnRH have been identified, isolated and sequenced from 
teleosts. They are salmon GnRH (sGnJRH)，chicken GnRH-II (cGnRH-II), catfish 
GnRH (cfGnRH), seabream GnRH (sbGnRH) and mammalian GnRH (mGnRH), 
The co-existence of multiple forms of GnRH is a common phenomenon in the teleost 
brain (Powell et al., 1994，1997; White et al., 1995). In general, GnRH stimulates 
both GTH-I and GTH-II release in most teleost species tested. The GTH-H-
releasing activity of sGnRH has been well documented in many teleost species both 
in vitro and in vivo, including salmonids (van der Kraak et al,, 1987; Weil and 
Marcuzzi, 1990a, b)，gilthead seabream (Zohar et al., 1989) and African catfish 
{Clarias gariepinus) (De Leeuw et al., 1987，1988). Similarly, GTH-I secretion 
stimulated by GnRH has been reported in the female rainbow trout (Breton et al” 
9 
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Fig. 1-5 Regulation of the hypothalamo-pituitary-gonadal axis. 
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1998). In the goldfish, both sGnRH and cGnRH stimulate GTH-H synthesis 
(Khakoo et aL, 1994) and release (Chang et ai, 1990; Peter et al., 1991) and 
maximal GTH-II response to GnRH was reported in sexually mature goldfish 
(Habibi et al” 1989). 
1.2.3.1.2 Dopamine (DA) 
In addition to neuroendocrine stimulators from the brain, GTH-II secretion is 
also under the influence of an inhibitory hypothalamic regulator. DA is released 
from nerve terminals in the pituitary and is the only known inhibitory 
neuroendocrine factor found in teleosts (Trudeau, 1997). Although the involvement 
of DA as an endogenous inhibitor of GTH-II release has been demonstrated in many 
teleost species including salmonids, cyprinids, tilapia and eel, etc (Peter et al., 1991; 
Yu et al” 1997), most of the DA effects on GTH-II are documented in the goldfish. 
DA acts directly at the pituitary level to suppress GTH-II release in the goldfish 
(Chang et al., 1984) and catfish (De Leeuw et al., 1986). In addition to the direct 
dopaminergic innervation of gonadotropes in the pituitary (Kah et al., 1986), DA 
also inhibits GnRH input to the pituitary through actions on GnRH neurons (Yu et al., 
1991). Besides, DA reduces pituitary gonadotrope sensitivity to GnRH stimulation 
by down-regulation of GnRH receptor numbers in the pituitary (De Leeuw et al, 
1989). However, it should be noted that dopamine and GnRH, though acting 
through different receptors, influence the effects of each other on GTH-II release 
(Omeljaniuk et al., 1987). Taken together, DA reduces not only spontaneous GTH-
II secretion, but also GnRH-stimulated release of GTH-II both in vitro and in vivo 
(Chang and Peter, 1983; Omeljaniuk et aL, 1987; Peter et al., 1986). Recent studies 
show that both Dj and D2 receptors are present in the goldfish pituitary, and 
activation of D2 receptors inhibits GTH-II release while activation of D, receptors 
11 
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results in stimulation of GH release (Wong et al, 1992，1993). 
In contrast, systematic studies on the roles of DA in GTH-II regulation in other 
fish species are scanty. In the coho salmon, injection of pimozide, a non-selective 
DA antagonist, increases both the basal and GnRH analog-stimulated GTH-II 
secretion in vivo (van der Kraak, 1986). Similarly, increased GTH-II release-
response by pimozide to a GnRH agonist has also been reported in the rainbow trout 
{Salmo gairdneri) and brown trout (Salmo trutta) (Billard et al., 1985). In tilapia, 
DA has no apparent effect on steady state GTH-Iip mRNA levels, but decreases 
GTH-II release by 75% (Melamed et al., 1996). Recently, a dopaminergic 
inhibitory tone on GTH-II release has been demonstrated in the rainbow trout 
(Oncorhynchus mykiss) (Saligaut et al., 1998, 1999). All these studies indicate that 
DA inhibitory action on GTH-II release seems to be universal in most teleosts (Peter 
et al” 1986). 
1.2.3.2 Endocrine regulators from the gonads 
1.2.3.2.1 Gonadal steroids (T and E:) 
One of the major functions of pituitary GTHs is to regulate steroidogenesis in 
gonads. Nevertheless, at the same time, pituitary is under the influence of gonadal 
steroid feedback. Both positive and negative feedback of gonadal steroids have 
been recorded in teleosts. 
1.2.3.2.2 Negative steroid effect on pituitary GTH regulation 
Numerous classical experiments using gonadectomy, steroid replacement 
therapy and antisteroid implantation have been performed to demonstrate inhibitory 
effects of T and E: on GTH release in teleost pituitary. Gonadectomy or antisteroid 
12 
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implantation results in elevation of plasma GTH levels in the rainbow trout (Billard 
et al., 1977), common carp (Breton et al, 1975)，catfish (De Leeuw et al., 1987) and 
goldfish (Billard and Peter, 1977; Kobayashi and Stacey，1990). In the immature 
rainbow trout, plasma GTH-I level is decreased by E: implantation (Saligaut et al., 
1999). For the goldfish, ovariectomy causes a marked increase in GTH-ip (but not 
GTH-Iip) mRNA levels, and steroid replacement suppresses the elevated levels in 
early recrudescent and mature fish (Kobayashi et al., 2000). Another study oh 
seasonal changes also shows that GTH-ip and steroid levels are negatively correlated 
in the goldfish, whereas the relationship between GTH-Iip and steroids is not so 
clear (Sohn et al., 1999). Moreover, recent studies suggest that part of the negative 
effects of gonadal steroids may be mediated by suppression of the stimulatory 
influence of y-aminobutyric acid (GABA) (Kah et al” 1992) and activation of the 
DA-inhibitory tone (Saligaut et al., 1998). These are supported by the presence of 
steroid receptors in the teleost brain (Linard et al” 1995). 
1.2.3.2.3 Positive steroid effect on pituitary GTH regulation 
On the other hand, there is considerable evidence for the stimulatory effects of 
gonadal steroids on GTH synthesis. Testosterone and oestradiol have been shown 
to increase GTH-Iip mRNA levels in the trout (Breton and Sambroni, 1996; Trinh et 
al, 1986; Xiong et al” 1994)，salmon (Xiong et al., 1994)，eel (Querat et al, 1991)， 
carp (Gur et al, 1995), tilapia (Melamed et al., 1997) and goldfish (Huggard et al., 
1996; Habibi and Huggard, 1998). Besides, in sexually immature and mature 
goldfish, testosterone alone stimulates GTH-a and GTH-Iip transcription both in 
vitro and in vivo (Habibi and Huggard, 1998). In addition, treatment with sex 
steroids increases pituitary responsiveness to GnRH and potentiates GnRH-induced 
GTH-II secretion at the pituitary level in the goldfish (Lo and Chang, 1998; Trudeau 
13 
Chapter 1 General Introduction 
et al., 1991，1993a). Interestingly, it was found that high plasma levels of 
testosterone before ovulation are an important physiological requisite for the 
occurrence of GTH-II surge in the goldfish (Kobayashi et al,, 1989). Other studies 
demonstrates that both T and E: increase GnRH in the rainbow trout (Breton and 
Sambroni, 1996) and DA turnover in the goldfish (Trudeau et al,, 1993b). 
Although both positive and negative gonadal steroid effects on GTH regulation 
have been demonstrated in a wide variety of teleosts, it should be noted that the 
pituitary responsiveness to steroid (and therefore the steroid feedback influence) is, 
to some extent, dependent on the reproductive and sexual status of the fish (Khan et 
al., 1999; Melamed et al” 1997). 
1.2.3.3 Paracrine regulators from within the pituitary 
Besides hypothalamic GnRH and gonadal steroids, there is a group of non-
steroidal proteins (activin, inhibin and follistatin) that are produced in the pituitaries 
and gonads, affecting the GTH synthesis and release. 
1.3 Activin 
1.2.1 Structure 
Activin and its related protein, inhibin (de Jong, 1988; Ling et al., 1985; 
Miyamoto et al., 1985; Rivier et al., 1985; Robertson et aL, 1985), were originally 
purified from ovarian follicular fluid, based on their ability to stimulate and suppress, 
respectively, pituitary FSH release. Activin is synthesized as a homo- or 
heterodimer of two activin/inhibin P-subimits (Pa and Pg) linked by a disulfide bond, 
resulting in the formation and isolation of three different kinds of subunit assembly: 
activin A (PaPJ，activin B (PbPb) and activin AB (PaPb) (Ling et aL, 1986a,b; Vale 
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Fig. 1-6 Schematic representation of the formation of activin and inhibin from 
different activin/inhibin subunits. 
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et al” 1986) (Fig. 1-6). Besides, three additional p-subunits have been cloned, 
namely mammalian Pc (Fang et al., 1997; Hotten et al., 1995; Schmitt et aL, 1996) 
and Pe (Fang et al., 1996) and Xenopus p^ (Oda et al., 1995). However, active 
dimeric proteins from these subimits have not been demonstrated to date. Activin is 
a member of the transforming growth factor-beta (TGF-P) superfamily of growth 
factors (Massague, 1987), which also includes the TGF-P (Massague et al., 1992)， 
the bone morphogenetic proteins (BMPs) (Hogan, 1996) and the Mullerian inhibiting 
substances (MIS) (Teixeira and Donahoe, 1996). 
1.3.2 Function 
Since the characterization of activin in a broad range of tissues, studies in 
mammals have demonstrated that activin is involved in many physiological 
processes. At the pituitary level, activin acts as a local autocrine/paracrine regulator 
of FSH synthesis and release (Corrigan et al., 1991; Weiss et aL, 1992) and GnRH 
receptor gene expression (Duval et al., 1999). Activin has effects on female rat 
pituitary cells to increase not only the amount of FSH secretion per cell but also the 
number of FSH-secreting cells (Miyamoto et al., 1999). Locally produced activin 
also serves to modify hormone production in the placenta (for review, Qu and 
Thomas, 1995) and regulate ovarian and testicular gametogenesis in the gonads 
(Hsueh et al, 1987; Lejeune et al., 1997; Sawetawan et al., 1996). In the central 
nervous system, activin stimulates oxytocin (Sawchenko et aL, 1988) and GnRH 
production (Gonazlez-Manchon et al., 1991). Besides, activin increases insulin 
secretion from the pancreas (Tosuka et al., 1988; Florio et al., 2000)，and induces 
early mesoderm development and axis formation in the embryo (Thomsen et al” 
1990; Sokol and Melton, 1991). 
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The biological activities of activin are mediated through specific cell surface 
receptors (Mathews, 1994). A functional receptor complex is composed of two 
types of receptors, namely type I and type II receptors (Mathews, 1994; Massague, 
1996). To date, cDNAs encoding two subtypes of type I receptor (ActR-IA and 
ActR-IB) and two subtypes of type II receptors (ActR-II and ActR-HB) have been 
cloned from a number of species (Attisano et aL, 1993; Kondo et al., 1996; Mathews 
and Vale, 1991; Matzuk and Bradley, 1992; Shinozaki et al, 1992; Takuma et al, 
1995; Tsuchida et al., 1993). All members consist of an extracellular domain, a 
single transmembrane region, and a large intracellular domain with serine/threonine 
kinase activity. In order to exert its biological effects, activin first binds to the type 
II receptor and forms a ligand-receptor complex (Fig. 1-7). This complex then 
recruits and phosphorylates a type I receptor (Attisano et al., 1993; Mathews and 
Vale, 1993; Willis et al, 1996). Studies in mammals suggest that phosphorylation 
of the type I receptor will trigger the association of Smad2 with Smad4, a novel 
family of proteins identified as the intracellular signaling molecules for the TGFp 
family (Massague, 1996). Once phosphorylated, the multiprotein complex will be 
translocated into the nucleus and regulate the transcription of target genes. 
1.4 Follistatin (FS) 
1.4.1 Structure 
Like inhibin and activin, FS was originally identified in the bovine (Robertson 
et al., 1987) and porine (Ueno et al., 1987) ovarian follicular fluids. Follistatin is a 
glycosylated cysteine-rich, single-chain protein, which is structurally unrelated to 
inhibin and activin. A mature FS is composed of four contiguous domains 
structurally related to epidermal growth factor (EGF). Each of the domains is 
encoded by a different exon, and three major molecular forms of FS (FS-288, FS-300 
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Fig. 1-7 Diagrammatic model of receptor binding and signal transduction of the 
activin-inhibin-follistatin system. (Modified from Ge, 2000) 
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and FS-315) resulting from alternative splicing and post-translational proteolysis 
have been deduced from the precursor polypeptides (Inouye et al., 1991). 
Comparison of FS from the rat, sheep, pig and human reveals that they share a 
homology of more than 97% at the amino acid sequence level (Shimasaki et al., 1989; 
Tisdall et al, 1992). 
1.4.2 Function 
Although several lines of evidence suggest that FS may not be merely an 
activin-binding protein (Bilezikjian et al., 1993, 1996; Mather et al., 1993), it is 
generally accepted that most effects exerted by follistatin rely on its capacity to bind 
to activin P-subunit (Nakamura et al, 1990; Shimonaka et al,, 1991)，or through its 
association with cell surface heparin sulphate to increase endocytotic degradation of 
activin (Hashimoto et al., 1997)，thereby neutralizing activin bioactivity. In 
pituitary cell culture, FS suppresses the activin-stimulated FSH synthesis and 
secretion (Carroll et al., 1989; Wang et al” 1990; Kogawa et al., 1991). However, it 
should be noted that coincubation of inhibin and follistatin produces an additive 
inhibition of FSH secretion and evidence suggests that whereas inhibin acts on both 
synthesis and secretion of FSH, the principal action of follistatin is to inhibit basal 
FSH secretion without affecting its synthesis (Ying, 1989). In granulosa cell culture, 
FS eliminates the stimulatory effects of activin on FSH-induced aromatase activity, 
progesterone and inhibin production (Xiao and Kindlay, 1991). Follistatin also 
inhibits activin effects in osteoblasts (Hashimoto et al., 1992), embryogenesis 
(Asashima et al., 1991)，and erythroid cells (Krummen et al., 1993). The wide 
distribution and expression of FS indicate that it acts as a local modulator of activin 
functions (for review, de Kretser and Phillips, 1998; DePaolo et al., 1991; Michel et 
al” 1993). It is likely that activin and follistatin participate in short loop regulation 
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pathways in many tissues such as the pituitary (DePaolo et al,, 1991; Besecke et al,, 
1996) and ovary (Knight and Glister, 2001) etc. 
1.5 Temporal Variations in the GTH Expressional and Releasing Profile and Sex 
Steroid Level in the Goldfish 
In the salmonid species, GTH-I is the major circulating gonadotropin during the 
vitello genie phase while the level of GTH-II becomes elevated in the phase of 
maturation and ovulation (Suzuki et aL, 1988a, b; Swanson, 1991). Similarly, 
seasonal patterns of changes in the GTH and steroid levels are exhibited in the 
goldfish. However, being a multiple spawner, the goldfish has an asynchronous 
ovary that contains oocytes at all stages of ovarian development. This makes the 
regulation of GTH and steroid level in the goldfish different from those in the 
salmonids. Since there is no radioimmunoassay (RIA) for GTH-I in the goldfish, 
only plasma GTH-II level can be measured. 
1.5.1 Hormone changes during annual cycle 
\ 
Concurrent changes in the gonadal size, sex steroids (T and E:) and GTH-II 
level were previously reported in the goldfish (Kobayashi et al” 1986a) (Fig. 1-8). 
According to Kobayashi et al,, for the female goldfish in Japan, the size of ovary 
increases gradually from August to February during which vitellogenesis takes place 
(vitellogenic stage), the increase accelerates rapidly in April as the water temperature 
rises and becomes maximal in May when ovulation and spawning occur (full-grown 
stage). In the males, the size of testis increases gradually from October to May. 
After spawning in May, the gonadal size in both sexes declines in August (sexually-
regressed stage) and increases again in September. 
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The changes in the plasma steroid level are highly correlated with those in the 
gonadal size. In the females, plasma steroid levels are kept low from August to 
February. The plasma levels of E? and T are maximal in April and May 
respectively. The delay in T release may be due to an increased amount of oocytes 
at the tertiary yolk globule stage which mainly produce T but not E� .L ikewi se , the 
T levels in the males are low from August to February and show a rapid increase in 
April. After the spawning period, the T and E: levels drop in both sexes 
(Kobayashi et al” 1986a). 
On the other hand, the changes of plasma GTH-II level are similar in the male 
and female goldfish. GTH-II levels decrease from August to October, and are 
maintained low during winter. During the spawning period in May, the plasma 
GTH-II level increases rapidly. Additionally, seasonal changes in the steady-state 
mRNA levels of the GTH subunits have been recently monitored in the goldfish 
(Sohn et al., 1999). In the females, low levels of a, GTH-ip and GTH-IIp subunit 
mRNA are found from August to November. Then, all three subunit mRNA levels 
increase synchronously and peak in April (early spawning) and finally decrease from 
May to August (sexually-regressed stage). Similar patterns of changes in the 
expression of the a and GTH-Iip subunits are demonstrated in the males, except for 
only a small increase in GTH-ip mRNA level from November to May. 
1.5.2 Hormone changes during ovulatory cycle 
In the sexually mature female goldfish, plasma GTH-II level rises gradually in 
the late light phase, followed by a rapid GTH-II surge to the peak during ovulation in 
the night phase. After ovulation, the GTH-II level declines drastically by the onset 
of the following light phase (Stacey et al., 1979; Kobayashi et al., 1987). 
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Fig. 1-8 Diagrammatic model showing the changes in plasma gonadotropin-II and 
sex steroid hormone levels in the goldfish during the reproductive cycles. 
(Kobayashi et al., 1988) 
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Meanwhile, the GTH-II level in the males rises in synchrony with that of the females 
during spawning (Kobayashi et al., 1986b). During the early ovulatory cycle in the 
female goldfish, E� tha t stimulates vitellogenesis is the major sex steroid produced by 
the maturing oocytes. Later, a gradual increase in testosterone lags behind which is 
followed by the ovulatory GTH-II surge. The rise in testosterone is suggested to be 
one of the physiological factors triggering the occurrence of the GTH-II surge. 
After ovulation, T and E2 return to their basal levels (Kobayashi et al., 1988, 1989). 
In the males, however, elevation in the plasma level of testosterone is concurrent 
with the GTH-II surge (Kobayashi et al., 1986b). 
1.6 Objectives of the Present Study 
During 1980s，the purification of two GTHs and development of their RIA was 
the main focus of research in fish reproductive endocrinology. Since the pioneering 
studies on the duality of GTHs (Kawauchi et al., 1989; Suzuki et al., 1988a, b; 
Swanson et al, 1991; van der Kraak et al., 1992), it has been generally accepted that 
two chemically distinct GTHs are present in most teleost species. This finding 
prompted extensive investigation on the factors regulating the pattern of GTH 
secretion in the following decade. For many years, the stimulation by hypothalamic 
GnRH and the feedback influence of gonadal steroids have been assigned the 
primary mechanisms of GTH secretion in teleosts. One fundamental question that 
remains to be answered is how the two gonadotropins, GTH-I and GTH-II, are 
differentially regulated during the reproductive cycle. Recent advances in the 
studies on activin and follistatin suggest that these regulatory peptides may act as 
local autocrine/paracrine modulators to control FSH secretion at the pituitary level 
and therefore play important roles in the differential regulation of FSH and LH 
secretion in vertebrates. Although the roles of activin in the regulation of 
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reproduction have been extensively studied in mammals, its involvement in non-
mammalian vertebrates is poorly understood. Recent work in our laboratory 
indicates that activin has inverse effects on GTH-ip and GTH-Iip mRNA levels in 
the goldfish (Yam et al., 1999). In this regard, more studies on the potential 
physiological relevance of activin and follistatin in the regulation of the GTH 
secretion and expression in fish will provide invaluable information about functions 
of these non-gonadal proteins in the lower vertebrates. 
Despite the lack of specific RIA for GTH-I in the goldfish, cDNAs for the 
goldfish GTH-Ip and GTH-Iip subunits recently cloned enable the study of the 
involvement of activin in GTH regulation to be performed at transcriptional level. 
The present study aims to investigate the neuroendocrine and paracrine regulation of 
GTH-ip and GTH-Iip expression in the goldfish. Since the a-subunit is common to 
both GTH-I and GTH-II, the expression of the unique GTH-Ip and GTH-UP subunits 
becomes the limiting factor in the control of GTH-I and GTH-II synthesis and release. 
Throughout the entire study, goldfish has been chosen as the animal model because 
goldfish is one of the best studied teleosts in fish reproduction and a great deal of 
background information on the regulation of GTH-II secretion in the goldfish is 
available. Furthermore, goldfish belongs to the family Cyprinidae, and a better 
understanding of GTH regulation in this species will eventually benefit the 
development of aquaculture of this highly valuable fish family. 
This thesis summarizes my research work of the past two years. In Chapter 2, 
the effects of dopamine and other catecholamines on the expression of GTH-ip and 
GTH-IIp subunits were examined using dispersed goldfish pituitary cell culture and 
slot blot hybridization. Experiments in Chapter 3 were performed to investigate 
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whether the activin regulation of GTH p-subunit expression was seasonally 
dependent. The involvement of gonadal steroids in GTH regulation was also 
determined. Outlined in Chapter 4 are the studies that determine the role of activin 
as local autocrine/paracrine regulator of pituitary GTHs in the goldfish. Finally, in 
Chapter 5, all the findings in the present study will be summarized as a model to 
elucidate the physiological importance of different factors, with a particular emphasis 
on the effects of activin, on the GTH regulation in the goldfish. 
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Effects of Dopamine on the Expression of Gonadotropin (GTH) Subunits in the 
Dispersed Pituitary Cells of the Goldfish, Carassius auratus 
2.1 Introduction 
Unlike in mammals, a functional hypophyseal portal system is absent in teleosts 
and the anterior pituitary receives direct innervation from the hypothalamic neurons 
(Ball, 1981). It is known that the pituitary gonadotropin-II (GTH-II) release is 
under the influence of a class of molecules called catecholamines secreted from the 
catecholaminergic fibers of these neurons (Peter et al., 1986, 1991). Dopamine 
(DA) is one of the predominant catecholamine neurotransmitters in the vertebrate 
central nervous system, and is involved in a variety of physiological processes (Stoff 
and Kebabian, 1984). DA exerts its effects primarily by interacting with several G 
protein-coupled receptor subtypes which are classified as Dj-like (D�and D5) and D� -
like (D2, D3 and DJ subfamilies (Missale et al, 1998). Studies on rats 
demonstrated that dopamine modulated luteinizing hormone secretion (Kalra and 
Kalra, 1983). However, evidence for a direct DA action on GTH secretion in 
mammals is still scanty (Barraclough et al., 1984). 
In contrast, it is well documented that DA acts as an endogenous inhibitor of 
GTH-II release in the goldfish and a variety of other teleost species (for review, Peter 
et al., 1986). The inhibitory effects of DA on GTH-II secretion were exerted via D: 
receptors directly at the pituitary level (Chang et aL, 1984c; Omeljaniuk et al., 1987). 
Besides, DA reduces GnRH receptor numbers in the pituitary (De Leeuw et al., 1989) 
and alters GnRH input to the pituitary through actions on GnRH neurons (Yu et aL, 
1991). Taken together, DA suppresses basal and GnRH-stimulated GTH-II release. 
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In addition, it is suggested that the removal of dopaminergic inhibition and 
simultaneous increase in GnRH stimulation are prerequisite for the occurrence of the 
preovulatory GTH-II surge and ovulation in many teleost species (Sokolowska et al., 
1984; Peter et al., 1986，1991). On the other hand, another catecholamine called 
norepinephrine (NE) has been shown to stimulate GTH secretion directly via a!-like 
adrenergic receptors (Chang and Peter, 1984; Chang et al., 1984a, 1991). 
Although the bulk evidence suggests the existence of an inhibitory 
dopaminergic influence on GTH-II secretion, very limited information is available 
regarding the effect of DA on the gene expression of GTH subimits，GTH-ip and 
GTH-Iip, in the goldfish. While recent studies in tilapia reported that DA has no 
apparent effect on steady state GTH-Iip mRNA levels (Melamed et aL, 1996), the 
control of GTH-I(3 expression by DA remains to be determined. The present study 
aims to investigate the dopaminergic and adrenergic actions on the expression of 
GTH-ip and GTH-Iip in the goldfish using dispersed pituitary cell culture, and 
characterize the DA receptor subtypes involved, using agonists and antagonists for 
Di and D�receptors. 
2.2 Materials and Methods 
2.2.1 Materials 
Goldfish {Carassius auratus) were purchased from the local market and 
maintained in 1000-liter flow-through tanks at 22�C on a 14L:10D photoperiod for at 
least 1 week before use. Fish were anesthetized with tricaine methanesulphonate 
before handling. All fishes used in the present study were of mid-vitellogenic stage 
unless otherwise specified. Medium 199 for cell culture were obtained from Gibco 
BRL (Gaithersburg, MD). DA, a-agonist epinephrine and phenylephrine were 
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purchased from Sigma Chemical Co. (St. Louis, MO). DA Dj agonist SKF 38393 
and SKF 77434 and DA D! antagonist SCH 23390 were purchased from Research 
Biochemicals Inc. (Wayland, MA). DA D2 agonist quinpirole-HCl and DA D2 
antagonist sulpiride were obtained from Eli Lilly & Co. (Indianapolis, IN). All 
drugs were dissolved in a minimal amount of dimethyl sulfoxide (DMSO), except for 
DA which was dissolved in water, and subsequently diluted to the appropriate 
concentrations before use. The final concentration of the solvents was less than 
0.1% and did not alter the basal expression of GTH-ip and GTH-Iip. 
2.2.2 Primary culture of dispersed goldfish pituitary cells 
Dispersed goldfish pituitary cells were prepared according to the protocol 
previously reported (Yam et aL, 1999). Briefly, pituitaries were removed from 
decapitated fish of both sexes and maintained in the Medium 199 with Earle's salt 
(Ml99) before enzymatic dispersion. The pituitaries were washed three times with 
HBSS (Hank's balanced salt solution, 8 g NaCl，0.4 g KCl, 0.014 g CaCl。，0.05 g 
NaJfflPO*，0.06 g KH2PO4, 0.35 g NaHCO? and 1 g glucose per litre) containing 
20mM Hepes, 0.3% BSA and antibiotics (100 U/ml penicillin and 100 |Lig/ml 
streptomycin). The washed pituitaries were diced into small fragments of about 0.5 
mm^ in size and rinsed into a 50-ml tube with HBSS. The pituitary fragments were 
collected by centrifugation (1200 rpm for 5min), and then dissociated with digestion 
solution (0.25% trypsin, 0.01% DNase II，and 0.3% BSA in HBSS) at 28�C for 1 h 
with gentle agitation. The digestion solution containing the dispersed cells was 
aspirated off every 20 minutes. After trypsin/DNase digestion, fragments and cells 
were collected by centrifugation and treated with stop solution (0.25% trypsin 
inhibitor, 0.01% DNase H and 0.3% BSA in Ca'""- free HBSS). The fragments and 
cells were washed twice with washing solution (2 roM EDTA and 0.3% BSA in Ca^ -^
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free HBSS) and dispersed by repeated pipetting in dispersion solution (0.002% 
DNase II and 0.3% BSA in Ca^''-free HBSS). Cells harvested through a 40卞m 
nylon mesh were resuspended in Ca '^"-fi:ee HBSS. The viability of the dispersed 
cells was examined by trypan blue exclusion test, and the cells with viability > 90% 
were used in the experiments. The dispersed cells were plated in poly-D-lysine-
coated 24-well plate (Falcon, Franklin Lakes, NJ) at a density of 5-10 x 10^  cells/0.5 
ml/well in M199 with Earle's salt and 10% FBS (Hyclone Laboratories, Logan, UT). 
After 24 h preincubation at 28°C with 5% CO2，the medium was changed and drug 
treatments started. All drug treatments were performed for 48 h unless otherwise 
specified. 
2.2.3 mRNA analysis 
Total RNA was isolated from the cultured pituitary cells using TRI Reagent 
(Molecular Research Center, Inc, Cincinnati, OH) according to the manufacturer's 
protocols. Since the expression levels of GTH-IIp subunit and P-actin are much 
higher than that of GTH-Ip subunit (Yam, et al., 1999; Yoshiura, et al., 1997), the 
RNA extracted from each well was divided at 6:1:1 for the detection of GTH-Ip， 
GTH-Iip and p-actin, respectively. The RNA samples were denatured at 68°C for 
15 min in denaturing solution (50% formamide in IX SSC), and blotted onto a 
positively charged nylon membrane (Roche Molecular Biochemicals, Mannheim, 
Germany) using a Slot-Dot microfiltration apparatus (Bio-Rad, Hercules, CA) 
according to the manufacturer's protocol. The blotted membrane was UV-
crosslinked in the GS GeneLinker (Bio-Rad). The nylon blots were prehybridized 
in hybridization solution [5X SSC, 0.1% N-lauroylsarcosine, 0.02% SDS, 1% 
blocking reagent (Boehringer Mannheim) and 50% formamide] and then hybridized 
overnight in hybridization solution with DIG-labeled GTH-ip, GTH-Iip and P-actin 
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cRNA probes respectively. The validation of the use of these probes was made by 
Northern blot analysis as previously described by Yam et al (1999). After 
hybridization, the blots were washed twice with 2X SSC/0.1 % SDS for 5 min at 
room temperature and twice with 0.5X SSC/0.1 % SDS at 65�C for 15 min. The 
blots were detected using the chemiluminescence detection kit according to the 
manufacturer's protocols (Roche Molecular Biochemicals, Mannheim, Germany). 
Multiple exposures were usually made and the one without significant sign of 
overexposure was used for quantification by densitometry using the densitometer 
690 and the software Molecular Analyst (Bio-Rad). The variation in RNA loading 
was controlled by P-actin. 
2.2.4 Data analysis 
Each experiment was repeated two to three times with four replicates for each 
treatment in all experiments. Data were expressed as percentage of control (%CTL) 
and statistically analyzed by one-way ANOVA followed by Fisher's least 
significance difference comparison. Differences between groups were considered 
to be significant a tP < 0.05. 
2.3 Results 
2.3.1 Effects of DA on GTH-IP and GTH-IIP expression 
To examine the effects of DA on the gene expression of the two gonadotropin P-
subimits, dispersed goldfish pituitary cells from mid-vitellogenic or regressed 
goldfish were challenged with different doses of dopamine for 48 h after a 24-hour 
preincubation. Dopamine significantly suppressed GTH-ip mRNA levels dose-
dependently regardless of the sexual condition of the pituitary donors (Fig. 2-lA). 
However, incubations with different doses of DA tested did not affect GTH-Iip 
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Fig. 2-1A Dose effects of dopamine (DA) on the goldfish pituitary GTH-ip mRNA 
level. Values are means 土 SEM of four determinations, and data shown are typical 
of three independent experiments. *, P < 0.05, compared with control treatment 
(CTL). 
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Fig. 2-lB Dose effects of dopamine (DA) on the goldfish pituitary GTH-IIp mRNA 
level. Values are means 土 SEM of four determinations, and data shown are typical 
of three independent experiments. P < 0.05，compared with control treatment 
(CTL). 
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transcript levels (Fig. 2-lB), and therefore, only GTH-ip expression was examined in 
the subsequent studies. Besides, 10 i^M of DA was used in the following 
experiments to obtain maximal inhibition of GTH-ip expression. 
2.3.2 Effects of DA Dj and D�agonists on GTH-IP expression 
In order to characterize the receptor specificity for DA-inhibited GTH-ip 
expression, the effects of two D, agonists, SKP38393 and SKF77434 (10 |_iM), and a 
D2 agonist, quinpirole-HCl (10 |iM), on the mRNA level of GTH-I(3 were examined. 
DA, which served as a positive control, inhibited GTH-Ip expression significantly. 
However, none of the DA agonists used, as well as DMSO，altered the basal GTH-Ip 
expression (Fig. 2-2). 
2.3.2 Effects of DA Dj and D�antagonists on DA-inhibited GTH-IP expression 
The receptor specificity for DA was further studied using a Dj antagonist, 
SCH23390 and a D: antagonist, sulpiride at 20 Similarly, DA alone caused a 
significant suppression on GTH-ip expression. Surprisingly, the inhibitory effect of 
DA on GTH-Ip expression could not be abolished by the coincubation with either of 
4 
the DA antagonists (Fig. 2-3). 
2.2.4 Effects of a-adrenergic agonists on GTH-Ifi expression 
Since there was no observable response of GTH-ip expression to the DA 
agonists and antagonists, the effects of the two a-adrenergic agonists, epinephrine 
and phenylephrine, on the basal GTH-I(3 expression were tested to investigate the 
possibility that the novel effect of DA may be mediated via a-adrenergic receptors. 
Again, treatment with DA alone caused a significant suppression on GTH-Ip mRNA 
level. However, neither epinephrine nor phenylephrine affected GTH-ip expression 
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Fig. 2-2 Effects of DA D! and D: agonists on the goldfish pituitary GTH-ip mRNA 
level. Values represent means 土 SEM of four determinations, and data shown are 
typical of two independent experiments. *，P < 0.05, compared with the control 
treatments [CTL (H^O) and CTL (DMSO)]. 
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Fig. 2-3 Effects of DA Dj and D: antagonists on the goldfish pituitary GTH-ip 
mRNA level. The doses of DA and DA antagonists are lOpiM and 20|aM, 
respectively. Values represent means 土 SEM of four determinations, and data 
shown are typical of two independent experiments. *, P < 0.05，compared with the 
control treatment [CTL (DMSO)]. # ,P<0.05, compared with the DA treatment. 
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Fig. 2-4 Effects of a-adrenergic agonists, epinephrine and phenylephrine, on the 
goldfish pituitary GTH-ip mRNA level. Values depict means 土 SEM of four 
determinations, and data shown are from a representative experiments. * , P < 0.05, 
compared with the control treatment. 36 
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at the doses tested (Fig. 2-4). 
2.4 Discussion 
Dopamine is a well-known neurotransmitter in teleosts that has powerful 
inhibitory effects on both basal and GnRH-stimulated GTH-II release (Chang et al., 
1984c; Yu et al., 1991). Although the inhibition of GTH-II release by DA has been 
documented in a variety of teleost species, there has been little information on its 
effects on the production of GTHs at the transcriptional level. In the present study 
we demonstrated that DA had no apparent effect on GTH-Iip expression but 
significantly suppressed GTH-ip steady-state mRNA level in a dose-dependent 
manner. Although the lack of DA effect on GTH-IIp expression does not agree 
with the previous in vitro and in vivo studies showing that DA inhibited GTH-II 
release (Chang et al., 1984a, b)，it is consistent with a recent report in tilapia that DA 
at concentrations of up to 10 \xM did not alter the GTH-IIp mRNA level (Melamed et 
al., 1996). These results suggest that DA may have differential effects on the 
transcription of GTH-II(3 and GTH-II release. Similar phenomenon has also been 
reported for the effects of sex steroids on the transcription and secretion of GTH-II. 
In the goldfish, the sex steroids have inhibitory effects on plasma GTH-II levels 
(Kobayashi et al., 2000) but no suppression of GTH-IIp mRNA expression and 
GTH-II content (Kobayashi and Stacey, 1990). 
Interestingly, although DA (at a dose up to 10|j,M) had no effect on the 
transcription of goldfish GTH-IIp mRNA, it exhibited strong suppression of GTH-ip 
expression. To my knowledge, this represents the first demonstration for DA effect 
on GTH-Ip expression in teleosts. Unfortunately, since no specific RIA for goldfish 
GTH-I is available, we are currently unable to investigate the effect of DA on the 
37 
Chapter 2 Effects of Dopamine on the GTH p Expression 
secretion of GTH-I. The inhibition of GTH-I(3 expression by DA does not show 
significant seasonal variation. We found that DA inhibited pituitary GTH-ip 
expression in both mid-vitello genie and postspawning goldfish (data not shown). 
On the other hand, although it seems from Fig. 2-lB that DA could stimulate GTH-
Iip mRNA level, the dose (100|iM) at which the effect was observed might not be 
within the physiological range. 
One interesting question to address is what type of receptors mediates the 
inhibitory effect of DA on the expression of GTH-I(3 subunit in the goldfish. Both 
DA Dj and D2 receptors have been demonstrated in the goldfish pituitary (Chang et 
al, 1984c; Wong et al,, 1993). The D: receptor is present in the GTH-II cells and 
responsible for the inhibition of GTH-II secretion by DA (Omeljaniuk et al., 1987)， 
and the D! receptor is expressed by the somatotropes (GH-producing cells) and its 
binding by DA stimulates growth hormone secretion (Wong et al., 1992). In teleost 
pituitary, GTH-I and GTH-II are produced by two distinct populations of cells, and 
the GTH-I cells are located in close association with the somatotropes while the 
location of the GTH-II-producing cells are more peripheral in teleost pituitaries 
(Naito et al., 1991; Nozaki et al., 1990a, b). Preliminary in situ hybridization study 
in our laboratory showed that some pituitary cells may express both GH and GTH-I 
(Pang & Ge, unpublished). Considering that DA D! receptors are expressed in 
somatotropes and mediate the stimulatory effect of DA on GH secretion (Wong et aL, 
1992, 1993) and our observation that the effective doses of DA to inhibit GTH-ip 
expression were of micromolar OM) range, which is typical of DA D! receptors, we 
hypothesized that D! receptors might be involved in the DA inhibition of GTH-ip 
expression. To identify and characterize the type of receptors that mediates the 
inhibition of GTH-I(3 subunit by DA, we performed a series of experiments using 
38 
Chapter 2 Effects of Dopamine on the GTH p Expression 
DA Di and D2-specific agonists and antagonists. Unexpectedly, none of the DA 
agonists and antagonists tested had any effects on the GTH-Ip mRNA level in the 
dispersed goldfish pituitary cells. Since the DA agonists and antagonists are 
chemically more stable than DA, the deterioration of the drugs used can be ruled out. 
On the other hand, since a-adrenergic catecholamines such as NE and phenylephrine 
have been demonstrated to enhance GTH-II release in vitro in the goldfish (Chang et 
al., 1991), and epinephrine at a concentration of 1 j^ M was shown to increase 
adenylyl cyclase activity of the pars distalis of the goldfish pituitary (Deery, 1975), 
the possible involvement of adrenergic receptors in DA action were examined using 
epinephrine and a-agonist phenylephrine. Again, neither epinephrine nor 
phenylephrine had any noticeable effects on GTH-Ip expression. Therefore, the 
mechanism by which DA exerts its potent inhibitory effect on GTH-Ip expression 
needs to be further investigated. The possibility that a novel receptor system may 
be involved in the action of DA on GTH-I(3 expression cannot be ruled out. 
In summary, DA (at a dose up to lO^iM) does not affect goldfish GTH-Hp 
mRNA level in vitro but significantly suppresses GTH-ip expression in the pituitary 
regardless of the developmental stages. The results also suggest that the GTH-Iip 
expression and release may be differentially regulated by DA. Interestingly, none 
of the DA Di and D�agonists used in the experiments could mimic the effect of DA 
on GTH-ip expression. In agreement with this, none of the D! and D? antagonists 
tested could block the inhibitory effect of DA on GTH-Ip expression. The 
mechanisms underlying the above dopaminergic inhibitory effect on GTH-ip 
expression therefore remains unknown and further studies are required to 
characterize the receptors mediating the DA action and to elucidate the signal 
transduction pathway involved. 
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Seasonal Variation of Activin-regulated Goldfish Pituitary GTH-Ip and GTH-Iip 
Expression and Evidence for the Involvement of Gonadal Steroids 
3.1 Introduction 
Gonadotropins (GTHs) are heterodimeric protein hormones consisting of an a-
subunit that is identical in all members of the family of glycoprotein hormones, and a 
unique p-subimit that determines the biological specificity of the hormones (Pierce 
and Parsons, 1981). Since the two distinct GTHs, gonadotropin-I (GTH-I) and 
gonadotropin-II (GTH-II), were first identified in the chum salmon, Oncorhynchus 
keta (Suzuki et al., 1988a, b), information on the two GTHs has steadily accumulated 
in a variety of teleost species. In salmonids, it is demonstrated that the level of 
GTH-I is high in the early phase of the ovarian cycle，which promotes oocyte growth 
(vitellogenesis) (Tyler et al., 1991, 1997)，while the secretion of GTH-II increases in 
the later phase to induce oocyte maturation and ovulation (Suzuki et al., 1988a, b; 
Kawaga et al., 1998; Swanson, 1991; Prat et al., 1996). Similarly, GTH-Ip mRNA 
level is high during gonadal development while GTH-Iip expression predominates in 
the spermiation and periovulatory period in the rainbow trout (Weil et al,, 1995). 
The differences between the two GTHs in terms of function and temporal pattern of 
expression and secretion have raised interesting questions regarding the factors that 
differentially regulate the secretion and expression of the two GTHs in the 
reproductive cycle. 
It is well documented that in teleosts, the secretion and expression of pituitary 
GTHs are controlled by both the neuroendocrine inputs from the hypothalamus 
including gonadotropin-releasing hormone (GnRH) and dopamine (DA), and 
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steroidal feedback (testosterone and oestradiol) from the gonads. GnRH stimulates 
GTH-II synthesis in the goldfish (Khakoo et al., 1994) and increases GTH-ip and 
GTH-Iip mRNA levels in the juvenile striped bass (Hassin et al., 1995). In contrast, 
DA suppresses GTH-II (Chang et al., 1984a) and GnRH release from the pituitary in 
the goldfish (Yu et al., 1992), but does not alter the GTH-Iip transcript level in 
tilapia in vitro (Melamed et al” 1996). On the other hand, both positive and 
negative feedback by sex steroids on GTH production have been reported in teleosts. 
Experiments in the European eel (Anguilla anguilla) demonstrated stimulatory 
effects of testosterone (T) and oestradiol (E�) on GTH-Iip mRNA levels in the 
pituitary (Querat et al., 1991). The positive steroid feedback on GTH-Iip mRNA 
production by T (Huggard et al., 1996; Habibi and Huggard, 1998) and £3 (Sohn et 
al.，1998) has also been reported in both sexually immature and mature goldfish. 
However, a negative steroid feedback on serum GTH-II levels has been observed in 
female goldfish using ovariectomy and steroid hormone implantation (Kobayashi and 
Stacey, 1990). 
Considering the important roles played by activin (PaPa, P a P b and P b P b ) , a 
dimeric protein that structurally belongs to the transforming growth factor-p (TGF-p) 
superfamily, and its related protein, inhibin (ap^ and ccPb)，in the regulation of 
mammalian follicle-stimulating hormone (FSH) and luteinizing hormone (LH) 
expression and secretion, our laboratory has been investigating the involvement of 
activin family in controlling the expression of two GTHs in teleosts using goldfish as 
the model. We have recently demonstrated that recombinant goldfish activin B 
increases GTH-Ip but decreases GTH-IIp mRNA levels in vitro (Yam et al, 1999)，a 
novel effect that has never been reported in any species. 
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In the present study, we further confirmed the inverse effects of activin on the 
expression of goldfish GTH-I(3 and GTH-Iip, and provided evidence for the seasonal 
variation of the responsiveness of the two GTH (3 subunits to activin. Furthermore, 
our in vivo and in vitro experiments pointed to the gonadal steroids as the factors that 
modulate the response of pituitary gonadotropes to activin. 
3.2 Materials and Methods 
3.2.1 Materials 
Goldfish {Carassius auratus) were purchased from the local market and 
maintained in 1000-liter flow-through tanks at 22�C on a 14L:10D photoperiod for at 
least 1 week before use. Fish were anesthetized with tricaine methanesulphonate 
before handling. Recombinant goldfish activin B (rgfActB) was produced in our 
laboratory by an established Chinese hamster ovary (CHO) cell line (2A2-11) and 
partially purified from the medium according to Schmelzer et al (1990). The 
activity of activin B was monitored by erythroid differentiation factor (EDF) assay 
using F5-5 cells, a mouse leukemia cell line that responds specifically to activin by 
differentiating into hemoglobin-producing cells (Eto et al, 1987). One unit (U) of 
rgfActB is defined as the amount per ml that induces a half-maximal differentiation 
of F5-5 cells in the bioassay (ED50), which is equivalent to � 1 ng/ml recombinant 
human activin A. Testosterone and 0estradiol-17(3 (E�）were purchased from Sigma 
Chemical Company (St. Louis, MO), dissolved in absolute ethanol as 0.1 M stocks, 
and diluted to the working concentrations with culture medium immediately before 
use. 
3.2,2 Gonadectomy of the goldfish 
Gonadectomy of the goldfish at late vitellogenic, or full-grown stage was 
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performed according to Kobayashi et al (1989) with some modifications. Briefly, 
the ovary or testis was completely removed through a cut made on the abdominal 
side of the fish. The sham control was carried out with the same procedure except 
that the gonads were left intact. After operation, both the gonadectomized and 
sham-operated fish were initially maintained in a 30-L tank containing antibiotics 
(furanzolidone) for 1 week before transferring to tanks with normal condition. The 
pituitaries of the fish were used at least three weeks after operation. 
3.2.3 Primary culture of dispersed pituitary cells 
Dispersed goldfish pituitary cells were prepared according to the protocol we 
previously reported (Yam et al., 1999). Briefly, pituitaries were removed from 
decapitated fish, washed and dispersed by trypsin/DNase digestion. The viability of 
dispersed cells was examined by trypan blue exclusion test, and the cells with 
viability > 90% were used in the experiments. The dispersed cells were plated in 
poly-D-lysine-coated 24-well plate (Falcon, Franklin Lakes, NJ) at a density of 5-10 
X 10' cells/0.5ml/well in Ml99 with Earle's salt and 10% FBS (Hyclone 
Laboratories, Logan, UT). After 24 h preincubation at 28°C with 5% CO:，the 
medium was changed and drug treatments started. All drug treatments were 
performed for 48 h unless otherwise specified. 
2.2.4 mRNA analysis 
Total RNA was isolated from the cultured pituitary cells using TRI Reagent 
(Molecular Research Center, Inc, Cincinnati, OH) according to the manufacturer's 
protocols. Since the expression levels of GTH-Iip subunit and P-actin are much 
higher than that of GTH-Ip subunit (Yam, et al., 1999; Yoshiura, et aL, 1997)，the 
RNA extracted from each well was divided at 6:1:1 for the detection of GTH-ip, 
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GTH-Iip and p-actin, respectively. Slot blot hybridization was performed to 
measure the levels of mRNAs according to the protocol we previously reported (Yam 
et al., 1999). Briefly, the RNA samples were blotted onto a positively charged 
nylon membrane (Roche Molecular Biochemicals, Mannheim, Germany) using a 
Slot-Dot micro filtration apparatus (Bio-Rad, Hercules, CA). The blotted 
membranes were individually hybridized with DIG-labeled cRNA probes for GTH-
ip, GTH-Iip and P-actin followed by chemiluminescent detection according to the 
protocol from the manufacturer (Roche Molecular Biochemicals, Mannheim, 
Germany). Multiple exposures were usually made and the one without significant 
sign of overexposure was used for quantification by densitometry using the 
densitometer 690 and the software Molecular Analyst (Bio-Rad). The variation in 
RNA loading was controlled by P-actin. 
3.2.5 Data analysis 
Each experiment was repeated two to three times with four replicates for each 
treatment in all experiments. Data were expressed as %CTL (percentage of control) 
and statistically analyzed by one-way ANOVA followed by Fisher's least 
significance difference comparison. Differences between groups were considered 
to be significant a t P < 0.05. 
3.3 Results 
3.3.1 Effects of goldfish activin B on the expression of GTH-Iand GTH-IIP 
We have previously reported that activin has inverse effects on the expression of 
GTH-ip and GTH-Iip in the goldfish; however, due to the low level of GTH-Ip 
expression, we were only able to construct a dose-response curve for GTH-IIp (Yam 
et al, 1999). In the present experiment, we further confirmed the novel inverse 
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effects of activin on the expression of GTH-ip and GTH-Iip using more sensitive 
slot-blot instead of dot-blot hybridization. Recombinant goldfish activin B 
significantly stimulated GTH-ip and suppressed GTH-Iip expression in a clear dose-
dependant maimer (Fig. 3-1，A and B). In agreement with our previous finding, the 
inhibitory effect of activin on GTH-Iip diminished when the concentration increased 
beyond the maximal inhibitory dose (1 U/ml). 
3.3.2 Seasonal variation of activin-regulated expression of GTH-IP and GTH-IIfi 
To examine if the activin-regulated expression of goldfish GTH-Ip and GTH-IIp 
changes during the reproductive cycle, we performed experiments using pituitaries 
from sexually regressed (late July and early August, GSI 二 3.23 土 0.8o/o) and late 
vitellogenic or full-grown (late April, GSI 二 9.75 士 2.1o/o) goldfish. After 24 h 
preincubation, the pituitary cells were treated with different doses of activin B for 48 
h followed by RNA extraction and slot blot analysis. Activin B significantly 
increased GTH-Ip mRNA level in a dose-dependent maimer in both stages (Fig. 3-
2A). In contrast, the inhibition of GTH-Iip by activin showed clear stage 
dependence. The inhibition was much stronger in the regressed fish with 55% 
maximal inhibition than that in the late vitellogenic fish with less than 20% maximal 
inhibition (Fig. 3-2B). 
3.3.3 Effects of gonadectomy on basal and activin-regulated expression of GTH-IP 
and GTH-IIP 
To investigate if the stage-dependent variation of activin-regulated GTH P 
expression described above is dependent on the inputs from the gonads, we 
performed experiments using the pituitaries from both gonadectomized and sham-
operated fish. The results showed that activin B significantly stimulated GTH-ip 
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Fig. 3-lA Dose-response of GTH-ip mRNA to rgfActB in the sexually regressed 
goldfish. Values are reported as percentage of control (%CTL) and depict the 
means 士 SEM of 4 determinations of a representative experiment. ^ < 0.05， 
compared with the control (CTL). 
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Fig. 3-lB Dose-response of GTH-II(3 mRNA to rgfActB in the sexually regressed 
goldfish. Values are reported as percentage of control (%CTL) and depict the 
means 士 SEM of 4 determinations of a representative experiment. P < 0.05, 
compared with the control (CTL). 
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Fig. 3-2A Seasonal variation of the effects of rgfActB on GTH-I(3 expression in the 
goldfish. M, sexually mature (late vitellogenic or full-grown) fish; R, sexually 
regressed fish. Values are reported as percentage of control (%CTL) and depict the 
means 土 SEM of 4 determinations. \ P < 0.05，compared with the respective 
controls. 
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Fig. 3-2B Seasonal variation of the effects of rgfActB on GTH-IIp expression in the 
goldfish. M，sexually mature (late vitellogenic or full-grown) fish; R，sexually 
regressed fish. Values are reported as percentage of control (%CTL) and depict the 
means 土 SEM of 4 determinations. P < 0.05; **, P < 0.01，compared with the 
respective controls. 
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expression in the pituitary cells from both the gonadectomized and sham-operated 
fish (data not shown). In contrast, activin B has little effect on the expression of 
GTH-IIp in the sham-operated fish but exhibited strong inhibition in the 
gonadectomized fish of both male and female (Fig. 3-3, A and B). 
3.3.4 Effects of sex steroids on basal and activin-regulated expression of GTH-IP and 
GTH-II Pin vitro 
To investigate if the seasonal variation of activin-regulated GTH p expression 
and the effects of gonadectomy described above are caused by the feedback inputs of 
gonadal steroids, we examined the effects of T and E � o n the basal and activin-
regulated GTH-ip and GTH-Iip expression in vitro using the pituitaries from 
sexually regressed goldfish (late August and early September). Both T and E? 
significantly stimulated basal GTH-ip and GTH-Iip expression (except for the dose 
of 0.01 nM for T) after 48 h treatment with T showing clearer dose dependence at 
physiologically relevant dosage (Kobayashi et al, 1986a) (Fig. 3-4，A and B). To 
test the effects of sex steroids on activin-regulated expression of GTH P subunits, the 
pituitary cells were pretreated with either T (1 nM) or E^ (1 nM) for 24 h followed by 
treatment with activin B (4 U/ml) for another 24 h with the sex steroids removed. 
As described in the previous experiment (Fig. 3-4，A and B), T and E? alone 
significantly stimulated the expression of both GTH-ip and GTH-Hp. Interestingly, 
activin B significantly increased GTH-ip mRNA level, and the stimulation did not 
seem to be significantly affected by the pretreatment with either T or E: (Fig. 3-5A). 
In contrast, the inhibitory effect of activin B on GTH-Hp mRNA level was abolished 
by T，but not E: pretreatment (Fig. 3-5B). 
50 
\ Chapter 3 Seasonal Variation of Activin Actions and Gonadal Steroid Involvement 
TCSr，綱GTH-IIP 
，"mmpipp ’ P " 3C11 n 
•； < > ‘ < • 
150-, 
1 0 0 鎮 口 _ _ _ ；-‘ d 帶 s 腦 
n 鎮纖：； g 霧 聽 灘 _ 
g 輔_截;.耀驛_ I iiiii 丁、 泛 i i i i i T Z T X NO 50 - _缀稱： 翻羅 卜-’-;/W] \ 
^ _嚇：丨： 羅 纖 _稱々 ： \ 
_ _ 装 ： 羅 腦 綱 • 、 
___ _讓__ iiiii * 
_ _ iiiW 丁 
_ _ _ ‘ 耀__ 曜難丨 ~ 
驗；羅 猶觀 ： � � 
講ffi禪 ： 闕 霸 ： Q 7 . I Sham + + - -Castration - - + + Activin B _I_ (4U/ml) “ I T I • I 丁 
Fig. 3-3A Effects of castration on the basal and rgfActB-suppressed GTH-Iip 
expression in the male goldfish. Values are reported as percentage of the sham-
operated group without rgfActB treatment (% Sham CTL) and depict the means 土 
SEM of 3 determinations. * , P < 0.05, compared with the respective controls. 
51 
\ Chapter 3 Seasonal Variation of Activin Actions and Gonadal Steroid Involvement 
mmmmm ‘ m  iiiiini GTH-II(3 
mmmmm mmmmm 晒 丨 丨 1 _ _ mmmm p-actin 
150 1 
1 no - 3 = ~ 丁 — 、 
l u u moo^oK-ooa T . ^ ^ � 
^ 隱 難 ： i p p i i s i \ 
• _ i • • _ \ 
I 111 _:圓陶 
^ 50- i m 纖 嘱 
111 H i 圓 _: 
p _灣 l i i i p - p p i p i p p i i i 
_ _ _ _ : 
隱 騰 顯 麗 漏 : 濯 纖 •顏難 I I I I 
Sham + + - -
Ovariectomy - + + Activin B 4_ 4. 
(4U/ml) ； I 丁 I 一 I 丁 
Fig. 3-3B Effects of ovariectomy on the basal and rgfActB-suppressed GTH-Iip 
expression in the female goldfish. Values are reported as percentage of the sham-
operated group without rgfActB treatment (% Sham CTL) and depict the means 土 
SEM of 3 determinations. * , P < 0.05, compared with the respective controls. 
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Fig. 3-4A Dose response of GTH-ip expression to testosterone (T) and oestradiol (E?) 
in the sexually regressed goldfish. Values are reported as percentage of control 
(o/oCTL) and depict the means 士 SEM of 3 determinations of a representative 
experiment. * , P < 0.05，compared with the control (CTL). 
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Fig. 3-4B Dose response of GTH-II(3 expression to testosterone (T) and oestradiol 
(E2) in the sexually regressed goldfish. Values are reported as percentage of control 
(%CTL) and depict the means 土 SEM of 3 determinations of a representative 
experiment. * , P < 0.05，compared with the control (CTL). 
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Fig. 3-5A Effects of sex steroid pretreatment on rgfActB action on GTH-ip 
expression in the sexually regressed goldfish. Each value is reported as percentage 
of no-treatment control (% No Treatment CTL) and represents the mean 士 SEM of 4 
determinations of a typical experiment. *, P < 0.05, compared with the respective 
controls. 
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Fig. 3-5B Effects of sex steroid pretreatment on rgfActB action on GTH-Iip 
expression in the sexually regressed goldfish. Each value is reported as percentage 
of no-treatment control (% No Treatment CTL) and represents the mean 士 SEM of 4 
determinations of a typical experiment. *, P < 0.05, compared with the respective 
controls. 
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3.4 Discussion 
In our previous study, we demonstrated that activin, an important protein factor 
that plays critical roles in mammalian gonadotropin expression and secretion, had 
novel inverse effects on the expression of goldfish GTH-ip and GTH-Iip subunits 
(Yam et al, 1999). In the present study, we have not only confirmed these effects, 
but also provided evidence for the seasonal variation of activin-regulated expression 
of goldfish pituitary GTH (3 subunits. The stimulatory effect of activin on goldfish 
GTH-ip mRNA expression was observed in both the regressed and late vitellogenic 
or full-grown stages with the effect being slightly higher in the regressed stage. In 
contrast, the inhibitory effect of activin on GTH-IIp mRNA expression showed 
evident variation between sexually regressed and late vitellogenic or full-grown fish. 
Activin exhibited greatest inhibition of GTH-Iip expression in the sexually regressed 
fish, and the inhibition became significantly diminished when the fish approached 
sexual maturity. In agreement with this observation, gonadectomy of late 
vitellogenic or prespawning fish did not seem to affect the response of GTH-ip to the 
stimulation by activin, but it significantly enhanced the inhibitory effect of activin on 
the expression of GTH-II(3, strongly suggesting that factors from the gonads are 
responsible for the seasonal variation of activin-regulated GTH p expression in the 
goldfish. 
Considering that gonadal steroids are the major factors influencing the pituitary 
responsiveness to various regulators such as GnRH and DA (Trudeau et al., 1993b), 
and that steroidal outputs from the gonads change dramatically during gonadal 
development, we further investigated the effects of T and E � o n the basal and activin-
regulated GTH (3 expression. Both T and E? at physiological concentrations 
significantly stimulated basal GTH-Ip and GTH-IIp expression, consistent with the 
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studies by other laboratories on either goldfish (Habibi and Huggard, 1998; Huggard 
et aL, 1996) or other teleosts (Huang et al., 1997). Interestingly, pretreatment with 
T and E: did not seem to affect the activin-stimulated GTH-ip expression, whereas it 
significantly reduced or completely abolished the inhibitory effect of activin on the 
expression of GTH-II(3. Together with the results from the experiments using 
gonadectomized fish,-these experiments provide strong support for the involvement 
of gonadal steroids in the regulation of activin-regulated GTH p, particularly GTH-
Iip expression throughout the reproductive cycle. 
Stage-dependent variation of GTH-I and GTH-II secretion has been well 
documented in a variety of teleosts, particularly the salmonids (Breton et al., 1998; 
Prat et al., 1996; Swanson, 1991). GTH-I levels are high during the vitellogenic 
stage, which is likely responsible for promoting steroidogenesis and vitellogenesis. 
By contrast, GTH-II levels are low during the vitellogenic stage and gradually 
increase when the fish approach sexual maturity, suggesting the involvement of 
GTH-II in the induction of final oocyte maturation (Swanson, 1991). The distinct 
functions of GTH-I and GTH-II have been confirmed in both salmonids and non-
salmonid species. Evidence from the rainbow trout {Oncorhynchus mykiss) shows 
that GTH-I induces vitellogenin incorporation into the growing oocytes whereas 
GTH-II lacks such an activity (Tyler et al., 1991, 1997). On the other hand, GTH-II 
is potent in inducing final oocyte maturation in the red seabream {Pagrus major) 
whereas GTH-I shows no effect in this regard (Kagawa et al” 1998). The distinct 
functions and temporal patterns of expression of GTH-I and GTH-II in teleosts make 
these animals attractive models for investigating the mechanisms behind the 
differential expression and secretion of the two GTHs. 
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The involvement of gonadal steroids in the differential regulation of GTHs has 
been investigated in a number of teleosts. Recently, the differential control of the 
two GTH P mRNA levels by T was examined in the male tilapia hybrid 
{Oreochromis niloticus x O. aureus) (Melamed et aL, 1997). T and E2 increased 
steady state GTH-II(3 mRNA levels, whereas E�reduced that of GTH-ip in the coho 
salmon {Oncorhynchus kisutch) (Dickey and Swanson, 1998). In the Atlantic 
Croaker {Micropogonias undulatus), the gonadal stage-dependent effects of gonadal 
steroids (T and E2) on GTH-II secretion have been demonstrated (Khan et al., 1999). 
The seasonal changes in the mRNA levels of the two gonadotropins and their 
association with sexual maturity were also observed in the goldfish {Carassius 
auratus) (Sohn et al., 1999). 
The present study provided strong evidence for the roles of activin in the 
differential regulation of GTH-I and GTH-II in the reproductive cycle of the goldfish. 
Based on the results described in the present study, we hypothesize that activin 
stimulates the expression of GTH-ip throughout the reproductive cycle whereas it 
strongly suppresses the expression of GTH-Iip during the regressed stage, and that 
when the fish approach the stage of sexual maturity, the GTH-Iip responsiveness to 
the inhibition by activin somehow becomes diminished, which is likely one of the 
factors contributing to the increasing concentration of GTH-II before maturation. 
The variation of activin-regulated expression of GTH (3 subunits is clearly dependent 
on the inputs of gonadal steroids as demonstrated by the effects of gonadectomy and 
the interaction between sex steroids and activin in vitro. Although the mechanism 
by which steroids influence the pituitary responsiveness to activin remains unknown, 
we speculate that activin receptors could be one of the targets for such regulation. 
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In conclusion, the present study further confirms the novel inverse effects of 
activin on the expression of goldfish GTH-ip and GTH-Iip, and demonstrates the 
seasonal variation of the activin-regulated expression of the two GTHs. Activin has 
strong inhibitory effect on GTH-Iip expression in the sexually regressed stage, and 
the inhibition significantly decreases in the vitellogenic to prespawning stage. We 
have provided strong evidence that gonadal steroids are the factors responsible for 
the changes. The potent inhibition of GTH-IIp in the regressed stage and the 
decreased GTH-Iip responsiveness to activin in the later stage could be one of the 
factors responsible for the low level of GTH-II in the regressed stage and high level 
in the late vitellogenic and prespawning stage. 
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Evidence for the Autocrine/Paracrine Regulation of Gonadotropin Expression 
by Activin in the Goldfish Pituitary 
4.1 Introduction 
Activin is a dimeric protein that belongs to the transforming growth factor (3 
(TGF-P) superfamily (Massague, 1987). It consists of two P subunits ((3^  and (3b) 
with three isoforms, activin A (PAPA)，activin B (PBPB) and activin AB (PAPB). 
Activin was first purified from mammalian follicular fluid as a potent pituitary 
follicle-stimulating hormone (FSH) releaser with little effect on luteinizing hormone 
(LH) (Ling et aL, 1986b; Vale et aL, 1986). The activities of activin are modulated 
by its antagonist inhibin, which consists of an a subunit and an activin P subunit, and 
its binding protein follistatin, a single chain glycosylated polypeptide with high 
binding affinity for activin that can neutralize the biological effects of activin (Ueno 
et al., 1987; Nakamura et al., 1990). 
Numerous studies in mammals show that activin subunits and their mRNA are 
widely distributed in a variety of tissues including the pituitary (Mather et al., 1994; 
Meunier et al,, 1988), suggesting multiple local physiological roles for activin in 
different tissues (Bilezikjian et al., 1996; Chen, 1993; Corrigan et al., 1991; Demura 
et al” 1996; Findlay et al., 1993; Ni et al, 2000). In the rat pituitary, the expression 
of activin PB has been reported in the gonadotropes (Roberts et al., 1989)，whereas in 
the bullfrog {Rana catesbeiana) the production of activin Pb subunit was 
demonstrated in the pituitary thyrotropes and gonadotropes (Uchiyama et aL, 2000). 
On the other hand, immunoreactive activin (3^  and Pg have been shown in the 
somatotropes of the goldfish (Carassius auratus) pituitary (Ge and Peter, 1994). 
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All these lines of evidence point to a paracrine/autocrine role for activin in the 
pituitary of vertebrates. However, there is lack of information on the functional 
importance of pituitary activin in the regulation of pituitary hormones. By adding 
an activin B-specific monoclonal antibody to the cultured rat pituitary cells, Corrigan 
et al. have demonstrated clearly that the basal secretion of FSH was significantly 
suppressed (Corrigan et al., 1991), strongly suggesting that the endogenous pituitary-
derived activin B plays an important role in maintaining the basal level of FSH 
secretion. 
Our recent work showed that recombinant goldfish activin B stimulated goldfish 
FSH-like gonadotropin-ip (GTH-I(3) but suppressed LH-like GTH-Hp subunit 
expression (Yam et al., 1999)，a novel effect of activin that has never been reported 
in any vertebrates. Although the physiological relevance of activin in the regulation 
of the two gonadotropins in fish remains to be further elucidated, such novel inverse 
effects on the expression of GTH-ip and GTH-II(3 strongly implicate activin in the 
differential expression of the two gonadotropins during the reproductive cycle of 
teleosts. One interesting question to address is where the activin comes from. Is 
activin produced locally in the fish pituitary to function as an autocrine/paracrine 
factor as demonstrated in the rat? The present study aimed at examining the 
expression of activin subunits and activin receptors in the goldfish pituitary and 
investigating the importance of the pituitary-derived activin in the regulation of the 
expression of GTH-Ip and GTH-IIp subunits. The results strongly suggest that a 
functional activin system is present in the goldfish pituitary and regulates the basal 
level of expression of both GTH-Ip and GTH-Iip subunits. 
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4.2 Materials and Methods 
4.2.1 RNA isolation 
Total RNA was isolated from intact goldfish pituitaries or cultured pituitary 
cells using TRI Reagent (Molecular Research Center, Inc, Cincinnati, OH) according 
to the manufacturer's protocols. 
4.2.2 Reverse transcription-polymer as e chain reaction (RT-PCR) 
Two micrograms of total RNA was reverse-transcribed using 100 U Superscript 
II reverse transcriptase (Gibco BRL, Gaithersburg, MD) in a 10 |j1 reaction with 0.5 
l^ g oligo-dT，0.5 mM dNTPs and lOmM DTT in IX V' Strand Buffer at 42�C for 2 h. 
PGR was performed with one twentieth of the RT reaction in the presence of 2 mM 
dNTPs, 25 \iM 5' and 3，primers, and IX PGR buffer in the Eppendorf Thermocycler 
(Eppendorf, Hamburg, Germany). Primers for the activin p^ subunit (sense: 5'-
GAAACGTCGGAAATAATCAGT-3‘； antisense: 5‘-TGACTGTCACTGCTTTCGT 
G-3，）and activin type IIB receptor (ActRIIB) (sense: 5'-ACCGGAAGACGCTT 
CTCTTG-3,; antisense: 5'-GGCAGGTGTGTGAACCTCT C-3') were designed 
according to the cDNA sequences we reported before (Ge et al., 1997a, b). The 
PGR profile included an initial denaturation at 94 for 4 min, followed by 30 cycles 
at 94 °C for 30 sec, 62.2 for 30 sec and 72 °C for 1 min, and a final extension of 5 
min at 7 2 � C . A negative control with total RNA without RT as template was 
included for each PGR to ensure only RT products were amplified. 
4.2.3 Primary culture of goldfish pituitary cells 
Dispersed goldfish pituitary cells were prepared according to the protocol we 
previously described (Yam et al” 1999) and cultured in 48-well plates at a density of 
5-10 X 10' cells/0.2ml/well in 70% M199 with Earle's salt and 10% FBS (Hyclone 
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Laboratories, Logan, UT). After 24 h preincubation at 28�C with 5% CO:，the 
medium was replaced. After two washes, the cells were then incubated with 
medium (control) or medium containing different concentrations of recombinant 
human (rh) activin A and/or rh follistatin (FS-288) (both were from NIDDK, 
National Institute of Diabetes and Digestive and Kidney Diseases) for 48 h. 
4.2.4 Slot-blot analysis 
Slot blot hybridization was performed to measure the levels of mRNAs 
according to the protocol we previously reported (Yam et al., 1999). Since the 
expression levels of GTH-IIp subunit and (3-actin are much higher than that of GTH-
ip subunit (Yoshiura, et al., 1997), the RNA sample extracted from each well was 
divided into 20:2:1 for the detection of GTH-ip, GTH-Iip and P-actin respectively. 
Briefly, the RNA samples were blotted onto a positively charged nylon membrane 
(Roche Molecular Biochemicals, Mannheim, Germany) using a Slot-Dot 
microfiltration apparatus (Bio-Rad, Hercules, CA). The blotted membranes were 
individually hybridized with DIG-labeled cRNA probes for GTH-Ip, GTH-IIp and p-
actin followed by chemiluminescent detection according to the protocol from the 
manufacturer (Roche Molecular Biochemicals, Mannheim, Germany). The signals 
were detected and quantified using Lumi-imager (Roche Molecular Biochemicals, 
Mannheim, Germany). The variation in RNA loading was controlled by P-actin. 
4.2.5 Data analysis 
Each experiment was repeated two to three times in quadruplicate. Data were 
normalized to the percentage of control and comparisons between groups were 
analyzed by one-way ANOVA followed by Fisher's least significance difference 
comparison. Differences were considered to be significant a t P < 0.05. 
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4.3 Results 
4.2.1 Expression of activin P^ subunit and activin type IIB receptor in the goldfish 
pituitary 
To examine the expression of activin and its receptor in the goldfish pituitary, 
primers specific for the activin Pg subunit and ActRIIB receptor were used in the RT-
PCR assay. Both activin (3^  subunit (858 bp) and ActRIIB receptor (589 bp) were 
detected in the goldfish pituitary (Fig. 4-1). No visible product was observed in the 
negative control. We also performed RT-PCR for activin (3A and activin type II 
receptor, but the transcripts for these two proteins could not be detected (data not 
shown). 
4.3.2 Effects of human activin A on goldfish GTH-IP and GTH-IIexpression 
To confirm the inverse effects of activin on the expression of the two GTH (3 
subunits as we demonstrated before with recombinant goldfish activin B (Yam et al., 
1999)，the dispersed goldfish pituitary cells were challenged with various doses of 
recombinant human activin A for 48 h followed by RNA extraction and slot-blot 
analysis. Similar to our previous report on goldfish activin B，human activin A also 
had inverse effects on GTH-ip and GTH-Iip mRNA levels. Activin A significantly 
increased GTH-ip but suppressed GTH-II(3 mRNA levels in a dose-dependent 
maimer (Fig. 4-2, A and B). Interestingly, the effect of activin A on the expression 
of GTH-Iip also exhibited a biphasic pattern. At low doses (below 12.5 ng/ml), 
activin A suppressed the expression of the subunit; however, with increasing 
concentration of activin A, its inhibitory effect diminished and even overshot to the 
level higher than that of control. This is very similar to the effect of goldfish activin 
B (Yam et al, 1999). 
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ActivinpB ActRIIB M RT (+) RT (-) RT (+； RT (-) 
858 b[>-
589bp— 
Fig. 4-1 Detection of activin Pb subunit and activin type IIB receptor (ActRIIB) in 
the goldfish pituitary by RT-PCR. M, molecular marker; RT(+)，with reverse 
transcription; RT(-), without reverse transcription. 
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Fig. 4-2A Dose effects of recombinant human (rh) activin A on GTH-ip expression 
in mid-vitellogenic goldfish. Each value represents the mean 土 SEM of four 
determinations in a representative experiment. P < 0.05, compared with the 
control (CTL). 
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Fig. 4-2B Dose effects of recombinant human (rh) activin A on GTH-Iip expression 
in mid-vitellogenic goldfish. Each value represents the mean 土 SEM of four 
determinations in a representative experiment. *, P < 0.05, compared with the 
control (CTL). 
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4.3.3 Effects of follistatin on basal and activin-regulated GTH-Ifi and GTH-IIP 
expression 
In order to assess the function of the pituitary activin system in the regulation of 
GTH (3 subunit expression in the goldfish pituitary, experiments were performed to 
investigate the effects of recombinant human follistatin on the GTH P mRNA levels. 
As expected, follistatin also exhibited inverse effects on the expression of goldfish 
GTH-ip and GTH-Iip； however the effects were opposite to those of activin. 
Follistatin significantly suppressed the expression of GTH-ip (Fig. 4-3A) but 
stimulated that of GTH-II(3 in a dose-dependent manner (Fig. 4-3B). The 
specificity of follistatin effect was further confirmed by its blockade of the effects of 
human activin A on the expression of the two gonadotropin p subunits. As shown 
in Fig.4-4A, co-treatment with follistatin (400 ng/ml) could abolish the activin-
stimulated GTH-Ip expression, and the expression level was even lower than that of 
the control. Similarly, follistatin also reversed the inhibitory effect of activin A on 
the mRNA level of GTH-Iip (Fig. 4-4B). Once again, the level of GTH-Hp 
expression in the presence of follistatin was higher than that of the control. 
4.4 Discussion 
It is well documented that activin stimulates FSH expression (Attardi et al., 
1990)，and secretion in vitro (Carroll et al, 1989; Kitaoka et aL, 1989; Schwall et al., 
1988) and in vivo (Rivier and Vale, 1991) in mammals. Recent report from our 
laboratory demonstrated that recombinant goldfish activin B also stimulated goldfish 
FSH-like GTH-ip expression in vitro; however, different from that in mammals, 
activin B significantly suppressed the expression of LH-like GTH-IIp expression 
(Yam et al., 1999). The novel inverse effects of activin on the expression of the two 
gonadotropins have never been reported in any vertebrate species. Using 
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Fig. 4-3A Dose effects of recombinant human (rh) follistatin on the GTH-ip 
expression in mid-vitellogenic goldfish. Each value depicts the mean 土 SEM of 
four determinations in a representative experiment. P < 0.05, compared with the 
control (CTL). 
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Fig. 4-3B Dose effects of recombinant human (rh) follistatin on the GTH-IIp 
expression in mid-vitellogenic goldfish. Each value depicts the mean 士 SEM of 
four determinations in a representative experiment. P < 0.05, compared with the 
control (CTL). 
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Fig. 4-4A Blockade of activin A effects on the goldfish pituitary GTH-ip subunit 
expression by recombinant human follistatin. Each value is the mean 士 SEM of 
four determinations of a representative experiment. *, P < 0.05, compared with the 
respective controls. 
72 





^ 氺 r ^ 
t^ 2 0 0 - T ‘ 乂 
^ ？ … ： �Z 
y ‘ <- ^ 
JliiUilii 
I I I I I I — ActivinA _ + - - + _ (12.5 ng/ml) ^ ^  
ActivinA _ - + _ - + (50 ng/ml) T T 
Follistatin _ _ _ + + + 
(400 ng/ml) | 了 丨 t 丨 t 
Fig. 4-4B Blockade of activin A effects on the goldfish pituitary GTH-Iip subunit 
expression by recombinant human follistatin. Each value is the mean 土 SEM of 
four determinations of a representative experiment. *, P < 0.05，compared with the 
respective controls. 
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recombinant human activin A, we further confirmed the inverse effects of activin on 
the expression of GTH-I(3 and GTH-Iip expression in the present study. Consistent 
with that of goldfish activin B，the effects of human activin A on GTH-Iip also 
showed a biphasic pattern. It suppressed the expression of GTH-IIp at low 
concentrations (below 12.5 ng/ml), but the effects diminished with the increasing 
concentration of activin A applied, suggesting that activin has strong desensitizing 
effect on GTH-Iip response at high concentrations. At the concentration of 810 
ng/ml, the level of GTH-Iip was even higher than that of the control. The similar 
differential actions of activin A and B on the mRNA levels of the two pituitary GTH-
P subunits in the goldfish indicate that the two isoforms of activin may share similar 
regulatory mechanisms in regulating GTH expression. 
Although activin was initially isolated from the mammalian gonads as a potent 
pituitary FSH releaser (Ling et al., 1986a, b; Vale et al, 1986)，increasing evidence 
shows that activin is also expressed in the pituitary and plays important autocrine and 
paracrine roles in the regulation of pituitary hormones (DePaolo et al., 1991). The 
expression of activin subunits in the pituitary has been demonstrated in several 
vertebrate species including the rat (Roberts et al., 1989), Xenopus (Oda et al., 1995) 
and goldfish (Ge et al., 1997a; Ge and Peter, 1994). The importance of pituitary 
activin in the regulation of FSH secretion has been further substantiated by the 
evidence that the basal FSH levels in the medium of rat pituitary cell culture could be 
significantly suppressed by the addition of an activin B-specific monoclonal antibody 
(Corrigan et al., 1991). To demonstrate if a similar autocrine/paracrine mechanism 
by activin also operates in the fish pituitary, we performed specific RT-PCR assays to 
examine the expression of activin subunits and activin receptors in the goldfish 
pituitary. Both activin Pb and activin type IIB receptor are expressed in the goldfish 
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pituitary, suggesting that the activin system is also present in the goldfish pituitary 
and exerts local actions to regulate the expression of pituitary hormones such as 
GTHs. The functionality of the paracrine activin system in the pituitary has been 
further confirmed in the present study by using recombinant human follistatin, a 
specific activin-binding protein. Application of follistatin to the cultured pituitary 
cells also caused inverse changes of goldfish pituitary GTH-ip and Iip mRNA levels; 
however, the effects of follistatin were totally opposite to those of activin. 
Follistatin significantly suppressed goldfish GTH-ip expression while stimulated 
GTH-Iip expression in a clear dose-dependent manner. Since follistatin does not 
have its own receptors and most of follistatin effects are believed to be mediated by 
neutralizing activin actions, the effects of follistatin on the expression of GTH-ip and 
GTH-IIp strongly suggest that there exists an activin system in the goldfish pituitary 
which plays significant roles in determining the basal expression levels of both 
GTHs. The existence of activin system in the pituitary also provides a reasonable 
explanation for the "stimulatory" effect of activin on GTH-Iip expression at high 
concentrations. It is likely that the stimulation is due to the desensitizing effect of 
activin on the GTH-II cells and the desensitized GTH-II cells even become non-
responsive to the tonic inhibition by the endogenous activin, leading to an elevation 
of GTH-Iip expression. 
In summary, the present study further confirmed the novel inverse effects of 
activin on the expression of goldfish GTH-Ip and GTH-Iip using recombinant 
human activin A. Activin A stimulated GTH-Ip but inhibited GTH-Hp mRNA 
expression dose-dependently. This study also demonstrated for the first time that 
follistatin suppressed basal GTH-ip while stimulated GTH-Iip expression in the 
goldfish pituitary cells. Since follistatin binds to activin with high affinity, it can 
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specifically neutralize the bioactivity of activin. Together with the evidence that 
activin and its receptor are expressed in the goldfish pituitary, the inverse effects of 
follistatin on the expression of the two GTH P subunits that are opposite to those of 
activin on the GTH-ip and GTH-Iip mRNA levels strongly suggest that activin 
locally produced within the goldfish pituitary may play an autocrine/paracrine role in 





Similar to tetrapods, gonadotropins are important in regulating the events of 
reproduction in teleosts. Since Suzuki et al. (1988a, b) isolated and characterized 
the two GTHs, GTH-I and GTH-II, in the chum salmon {Oncorhynchus ketd), the 
existence of two distinct GTHs has been confirmed. The concept of duality of fish 
GTH has been further extended to other teleost species including the eel, tilapia, 
salmonids and cyprinids (Elizur et aL, 1996; Hassin et al,, 1995; Kato et al., 1993; 
Lin et al, 1992; Nagae et al., 1996; Rosenfeld et al., 1997; Swanson et al., 1991; van 
der Kraak et aL, 1992; Yoshiura et al., 1997). Like tetrapod FSH and LH, fish 
GTH-I and GTH-II are heterodimeric proteins consisting of the same a-subunit but a 
distinct P-subunit that confers the hormone specificity. In the salmonids, it has been 
demonstrated that GTH-I and GTH-II exhibit seasonal patterns of expression and 
secretion. GTH-I predominates in the early stages of the reproductive cycle in 
which it controls vitellogenesis; while GTH-II level is high during the phase of 
oocyte maturation in which it stimulates ovulation and spermiation (Kagawa et al., 
1998; Swanson et al,, 1991; Tyler et al, 1991, 1997; Weil et al, 1995). 
During the past decade, many studies attempted to reveal the regulators 
involved in the control of the profiles of GTH expression and release. Classically, 
the hypothalamic gonadotropin-releasing hormone (GnRH) and dopamine (DA), and 
gonadal sex steroids have been assigned the roles of major regulatory factors of GTH. 
In the goldfish, GnRH stimulates both GTH-II synthesis (Khakoo et al., 1994) and 
release (Chang et al,, 1990; Peter et al” 1991), while DA has an inhibitory effect on 
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GTH-II release (Peter et al, 1986). On the other hand, both positive and negative 
effects of sex steroids have been documented in many fish species (Habibi and 
Huggard, 1998; Melamed et al., 1998). In spite of the extensive research on the 
actions of these regulators on the GTH system, the differential regulation of the 
seasonal profiles of expression and secretion of the two GTHs in teleosts still remain 
a question to be answered. 
Activin was originally purified from ovarian follicular fluid as a potent pituitary 
FSH releaser with little effect on LH (Ling et al., 1986a, b; Vale et al., 1986). 
Activin exists as homo- or heterodimer of three forms: activin A (PAPA), activin B 
(PbPb) and activin AB (p^pe) (Ying et al,, 1988)，and exhibits a high diversity of 
tissue distribution and physiological functions (DePaolo et al., 1991; Meunier et al., 
1988). Increasing evidence shows that most of the activin functions are exerted in 
an autocrine/paracrine maimer (Chen, 1993). Based on our previous findings that 
activin stimulates GTH-I(3 but suppresses GTH-Iip gene expression in the goldfish 
(Yam et al., 1999)，it is proposed that activin is probably an important factor in the 
differential regulation of the seasonal profiles of the two GTH expression in teleosts. 
5.2 Contribution of the Present Study 
5,2,1 Dopamine as a potential neuroendocrine regulator in the differential regulation 
of GTH-IP and GTH-IIP expression 
In the present study, it is demonstrated for the first time that DA has an 
inhibitory effect on the expression of GTH-ip but lacks any apparent effect on GTH-
11(3 mRNA level in the goldfish pituitary. Although the underlying mechanisms 
remain unknown, the results suggest that dopamine may play a role in the differential 
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regulation of the expression of the two gonadotropin P subunits. 
5.2.2 Seasonal variation of the effects of activin on GTH-Ip and GTH-IIP expression 
The present study has confirmed the previous work in our lab that recombinant 
goldfish activin B stimulated GTH-ip but suppressed GTH-IIp expression in vitro. 
The inverse effects of activin on the expression of goldfish GTH-Ip and GTH-Iip 
have also been confirmed using recombinant human activin A. More importantly, it 
has demonstrated that the effects of activin exhibit seasonal variation during the 
goldfish reproductive cycle. While activin B increases GTH-I(3 mRNA level dose-
dependently from fish of both late vitellogenic or full-grown and sexually regressed 
stages, the inhibitory effect of activin B on GTH-Iip expression shows clear stage-
dependence, with stronger inhibition in the sexually regressed stage than in the late 
vitellogenic or full-grown stage. Our in vitro and in vivo studies suggest that 
gonadal steroids (particularly testosterone) are likely involved in the modulation of 
GTH-II responsiveness to activin in the goldfish. Based on these results, we 
postulate that activin stimulates GTH-ip expression throughout the whole 
reproductive cycle, but inhibits the expression of GTH-Iip when the fish is sexually 
regressed. However, during the stage of sexual maturity, the endogenous sex 
steroids, particularly testosterone, reach relatively high levels that result in the 
diminishment of the GTH-II(3 responsiveness to the inhibition by activin, which 
could be due to a reduced expression of activin receptors (Fig. 5-1). The reduced 
inhibition of GTH-II(3 by activin may contribute to the occurrence of GTH-II surge, 
which is important in ovulation during spawning. 
5.2.3 Autocrine/paracrine regulation of GTH expression by activin 
The functionality of the autocrine/paracrine activin system in the pituitary has 
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Fig. 5-1 Hypothetical expression/release profiles of GTH-ip，GTH-Iip and activin 
receptor throughout the reproductive cycle. 
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been further confirmed by blocking the activity of endogenous activin with follistatin, 
a potent activin-binding protein. The effects of follistatin on the basal GTH |3 
mRNA levels which are opposite to those of activin, together with the blockade of 
the actions of exogenous activin on the two GTH P expression by follistatin, strongly 
support an autocrine/paracrine role of activin in the goldfish pituitary. To provide 
evidence for the existence of activin system in the goldfish pituitary that functions in 
a autocrine/paracrine manner, I have demonstrated the expression of both activin Pg 
subunit and activin type IIB receptor (ActRIIB) in the goldfish pituitary using RT-
PCR assays. 
The involvement of activin in the regulation of the two GTHs in the goldfish is 
summarized in Fig. 5-2. It is now evidenced that an activin-follistatin system is 
present in the hypothalamo-hypothysial-gonadal axis and plays important roles in the 
control of the expression and secretion of GTH-I and GTH-II. Considering that 
activin has inverse effects on the expression of the two gonadotropin (3 subunits, we 
speculate that any factors that influence the pituitary activin-follistatin system will 
significantly affect the relative expression of the two GTHs in the goldfish. 
5.3 Future Prospects 
Although the present study has provided further information on the regulation of 
GTH system by DA, activin and follistatin, a number of areas warrant considerable 
work in future. For activin, the preparation of recombinant goldfish activin A will 
allow the comparative studies with recombinant goldfish activin B currently 
available on the regulation of the GTH biosynthesis. Besides, the analysis of the 
cell signaling pathway that mediates the activin-regulated GTH expression will 
largely enrich our knowledge about the regulatory mechanism of activin. Moreover, 
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Fig. 5-2 Proposed model of the involvement of activin-follistatin system in the 
regulation of GTH. 
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the novel inverse effects of activin on the GTH (3 expression should be further 
studied in additional fish species with different pattern of reproduction. 
On the other hand, one of the important challenges for the studies on GTH in 
the future is to expand our understanding of differential regulation of GTH-I and 
GTH-II at the secretion level. This will only be possible when specific RIAs or 
ELISAs for both GTHs are available. Meanwhile, the investigation on the activin-
responsive element in the promoters of the GTH subunit genes, which is currently 
underway in our laboratory, will undoubtedly facilitate the advances in the research 
of activin. In the future, the parallel development of transgenic models and 
pituitary cell lines represent an additional important strategy for both activin and 
GTH research in teleosts. 
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